Piriformospora indica (Sebacinaceae) is a cultivable root endophytic fungus. It colonises the 20 roots of a wide range of host plants. In many settings colonisation promotes host growth, 21 increases yield and protects the host from fungal diseases. We evaluated the effect of P. indica 22 on Fusarium head blight (FHB) disease of winter (cv. Battalion) and spring (cv. Paragon, 23 Mulika, Zircon, Granary, KWS Willow and KWS Kilburn) wheat and consequent 24 contamination by the mycotoxin deoxynivalenol (DON) under UK weather conditions. 25 Interactions of P. indica with an arbuscular mycorrhizal fungus (Funneliformis mosseae), 26 fungicide application (Aviator Xpro) and low and high fertiliser levels were considered. P. 27 indica application reduced FHB disease severity and incidence by 70%. It decreased mycotoxin 28 DON concentration of winter and spring wheat samples by 70% and 80% respectively. P. 29 indica also increased above ground biomass, 1000 grain weight and total grain weight. P. 30 indica reduced disease severity and increased yield in both high and low fertiliser levels. The 31 effect of P. indica was compatible with F. mosseae and foliar fungicide application. P. indica 32 did not have any effects on plant tissue nutrients. These results suggest that P. indica might be 33 useful in biological control of Fusarium diseases of wheat.
(2%) sodium hypochlorite (Fisher scientific, UK), followed by three rinses in sterilized distilled 126 water, and germinated on damp filter paper in a Petri dish at room temperature under natural 127 indoor light for 48 hours. No micro-organisms grew from a sample of seeds so treated and 128 placed on PDA plates for one week. Eight germinated seeds per pot were planted in 12L pots 7 between each seed to simulate field spacing. Non-sterilised compost and sand were used to 136 simulated field soil conditions. 137 In all experiments, pots were watered as necessary to maintain the compost moist, and the 138 experimental area was surrounded by pots filled with sand to reduce edge effects on 139 microclimate. 140 The experiment was carried out in the 2013-14 growing season at the University of Reading 141 (grid ref: SU733719) , under natural conditions. The experiment had 32 treatments with two 142 replicates (giving 32 df for error), distributed in two randomised blocks, with the following 143 factorial combinations of treatments = ±P.indica, ±F. mosseae, ±F.culmorum (FCR), ±F. 144 graminearum (FHB) and ±fertiliser (1 g L -1 or 4 g L -1 ). Inoculations with P. indica (6 g liquid 145 culture mixed with soil) and F. mosseae (50 g, 20 spores per g, mixed with soil) and F. 146 culmorum (6 g of prepared inocula mixed with soil) were performed at sowing and F. 147 graminearum was applied at flowering. All disease symptoms, whether from inoculations or 148 natural infections were recorded when appropriate, including Septoria leaf blotch and yellow 149 rust. 150 In this experiment, extra nitrogen and sulphur fertiliser were applied in two split applications, 151 with the first dose applied in late March and the second in late April, including 1.4 g N pot -1 152 (over 2 splits) and 28 mg S pot -1 (in one application). The first dose was made up of ammonium 153 nitrate (34.5%N) and ammonium sulphate nitrate (27%N, 30% SO4). The second dose was 154 ammonium nitrate (34.5%N). 155 The effect of Piriformospora indica, Funneliformis mosseae and fungicide application on 156 Fusarium head blight of spring wheat 8 sterilised compost and sand (2:1), mixed with 44 grams (4 g L -1 ) of slow release fertiliser as 160 for winter wheat. 161 The experiment was carried out in the 2014 growing season. It had 16 treatments with three 162 replicates, distributed in three randomised blocks, with the following factorial combinations of 163 treatments: ±P.indica, ±F. mosseae, ±F. graminearum (FHB) and ±fungicide. Inoculations 164 with P. indica (6g liquid culture mixed with soil) and F. mosseae (50 g, 20 spores per g mixed 165 with soil) were performed at sowing. The fungicide, Aviator Xpro (Bayer CropScience, UK) 166 with active ingredients of prothioconazole (15.84%) and bixafen (7.43%), was applied at the 167 concentration of 2 ml L -1 , diluted with water, when flag leaf was fully emerged (Zadoks Growth 168 Stage (GS) 39; T2; Zadoks et al. (1974) ) and also 72 hours after plants were artificially sprayed 169 with spore suspension of F. graminearum (GS 65; T3) at both stages for the selected treatments 170 only. The fungicide Aviator Xpro exhibits both translaminar (within and across the leaf) and 171 systemic movement (around the plant).
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The effect of Piriformospora indica on Fusarium head blight of different cultivars of 173 spring wheat 174 It is possible that some wheat cultivars benefit more than others from association with P. indica. 175 In another experiment, the effect of P. indica on Fusarium head blight of spring wheat was 176 assessed on 6 different spring wheat cultivars: Paragon, Mulika, Zircon (group 1), Granary, 177 KWS Willow (group 2) and KWS Kilburn (group 4), chosen from HGCA recommended list 178 for spring sowing and were supplied by KWS UK Ltd. Eight germinated seeds per pot were 179 planted in 12L pots at a depth of 2 cm in a mixture of 2 parts non-sterilised compost and one 180 part sand, mixed with 44 grams (4 g L -1 ) of slow release fertiliser (3-4 months, Osmocote® 181 Pro). 9 The experiment was done in the 2015 growing season. The experiment had 24 treatments with 183 three replicates, distributed in three randomised blocks, with the following factorial 184 combinations of treatments: ±P indica, ±F. graminearum (FHB), and 6 cultivars of spring 185 wheat. Inoculations with P. indica (6 g liquid culture mixed with soil) was performed at sowing 186 and F. graminearum was applied at flowering. All The effect of P. indica on plant tissue nutrients under low and high fertiliser regimes 206 Winter wheat seeds, cv. Battalion, were surface disinfected and pre-germinated. Eight seeds 207 per pot were planted in 12L pots at a depth of 2 cm in 2 parts non-sterilised and one part sand, 208 mixed with 11 grams (1 g L -1 ) or 44 grams (4 g L -1 ) of slow release fertiliser (8-9 months, 209 Osmocote® Pro). The experiment was carried out in the 2014/15 growing season. The 210 experiment had 8 treatments with three replicates, distributed in three randomised blocks, with 211 the following factorial combinations of treatments: ±P indica, ±F. mosseae, and ±fertiliser (1 212 g L -1 or 4 g L -1 ). Inoculations with P. indica (6 g liquid cultures mixed with soil) and F. mosseae 213 (50 g, 20 spores per g mixed with soil) were done at the time of sowing. Around 200g leaf 214 materials of each treatment at GS 27-29 (tillering, main shoot with 7-9 or more tillers) were 215 sent for analysis in the first week of April 2015. The plant tissue analysis included total nitrogen 216 (N) and sulphur (S) with N:S ratio, total phosphorus (P), potassium (K), magnesium (Mg), 217 calcium (Ca), copper (Cu), zinc (Zn), Iron (Fe) and Boron (B).
218
Weather conditions during 2013-15 219 Winter 2013/14 was an exceptionally stormy season, with at least 12 major winter storms 220 affecting the UK. Mean temperatures and total rainfall over Reading were well above the long-221 term average (Nov-Mar 2013-14 average 7.1°C). Following this, the weather of spring and 222 summer 2014 was warm (April-June 2014 average 13.5°C) with rainfall above the average. 223 The weather of Sep-Nov 2014 was exceptionally warm (average 12.7°C) with all months 224 warmer than average and the number of air frosts well below average. Rainfall was slightly 225 above average. Dec-Mar 2014/15 was sunny with mean temperature (5.6°C) near average. 226 Rainfall totals were slightly below average. April-Jun 2015 mean temperature (12.5°C) was, 227 close to average, with rainfall well below the average. (www.met.reading.ac.uk/weatherdata). 229 ANOVA was used to analyse all data using GenStat 17th ed, (VSN, UK) with appropriate 230 blocking. Where judged necessary from residual plots, data were log10 or square root 231 transformed to stabilize the residual variance and aid interpretation.
Statistical analysis of experiments
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Results
233
Emergence rate 234 The emergence rate of cv. Battalion (winter 2013), cv. Paragon (spring 2014) and the average 235 of six cultivars of spring wheat seedlings (spring 2015) from control treatments 14 days after 236 sowing was 90%, 98% and 95% respectively. F. culmorum application at sowing time reduced 237 the emergence rate by 10% (P=0.04). There were no other significant differences between 238 treatments.
239
Fusarium head blight disease severity and incidence 240 FHB disease severity of winter wheat cv. Battalion was assessed two weeks after artificial 241 inoculation at GS65. The main effects of fungicide and inoculation were large and significant, 242 but interactions between them and with P. indica were also important. Third and fourth order 243 interactions were not significant. Inoculation of ears with Fusarium increased the disease 244 severity and incidence significantly (P<0.001) compared to non-inoculated samples, but there 245 was also some natural background infection of Fusarium spp. present. F. culmorum application 246 at the time of sowing did not have a significant effect on FHB disease severity or incidence. 247 FHB severity and incidence in pots inoculated with P. indica (at sowing) and F. graminearum 248 (at flowering) was reduced by 70% (severity interaction P=0.004; incidence interaction 249 P=0.005), compared to F. graminearum inoculated pots. Disease severity and incidence were 250 higher in the low fertilisation level than the high level (main effect P<0.001). F. mosseae 251 reduced severity and incidence of FHB, but this effect was not additive to that of P. indica, so 12 F. mosseae in co-inoculation with P. indica gave no extra advantage ( Fig. 1 a, 
(b) FHB incidence
In spring wheat cv. Paragon, inoculation of ears with Fusarium spores significantly increased 265 the disease severity and incidence of FHB (main effect of inoculation P<0.001), but there was 266 also some natural background infection of Fusarium spp. (Fig. 2 a,b ). The application of 267 fungicide following F. graminearum inoculation reduced FHB severity by 80% 268 (fungicide.FHB interaction P=0.04). P. indica soil inoculation resulted in a reduction in FHB 269 severity, but the effect was only marginally significant (P. indica. FHB interaction P=0.08; Fig.   270 2 a,b, supporting information 2). 
Sq root (b) FHB incidence
Ears inoculation of six cultivars of spring wheat with F. graminearum spores significantly 299 increased the disease severity and incidence of FHB (main effect of inoculation P<0.001), but 300 there was also some natural background infection of Fusarium spp. (Fig 3 a,b ). FHB severity 301 and incidence in pots inoculated with P. indica (at sowing) and F. graminearum (at flowering) 302 was reduced by around 80% (severity P. indica. FHB interaction P<0.001; incidence 303 interaction P=0.02), compared to F. graminearum inoculated pots (Fig 3 a Mycotoxin DON analysis 314 ELISA testing could only detect DON level of above the limit of detection. For both winter 315 and spring wheat samples with no Fusarium head inoculation, DON concentrations were below 316 the limit of detection (<250 µg kg -1 ). We therefore restricted the analysis to those samples from 317 plants which were artificially inoculated with F. graminearum and considered those lower than 318 the limit of detection as 250µg kg -1 . The following results concern F. graminearum-inoculated 319 samples only, in the cv. Battalion in 2014: P. indica application reduced DON concentrations 320 by 70% at low fertilisation and 50% at high fertilisation (Fig 4a; P. indica. fertiliser interaction 321 P<0.001), to levels close to the limit of detection. In the absence of P. indica, DON 322 concentrations were 70% higher at low fertilisation (fertiliser main effect P=0.005) than high 323 fertilisation. DON concentrations were higher in the samples inoculated at sowing with F. 324 culmorum (P<0.001); however, P. indica reduced DON concentrations in these samples to 325 below the limit of detection (P<0.001). F. mosseae had no main effect (P=0.5) and no 326 significant interactions ( Fig. 4a , supporting information 4). 327 In the cv. Paragon spring wheat samples in 2014 inoculation with F. graminearum significantly 328 increased DON concentrations (main effect P<0.001). The following results concern F. 329 graminearum-inoculated samples only: P. indica application (main effect P=0.01) reduced 330 DON concentrations by 80% (Fig 4b) . Fungicide application (main effect P=0.001) also 331 reduced the mycotoxin concentrations by 70%, but the effect was not additional to that of P. The leaf tissue nutrient analysis showed that P. indica did not have any effect on leaf nutrients, 579 suggesting that at least in the case of this experiment, P. indica effects on growth and yield 580 were not due to better nutrient uptake. These results are inconsistent with others that suggest However, F. mosseae also did not have any effects on leaf nutrients, suggesting no effect of P. 589 indica and/or F. mosseae might be because of the experimental conditions. So more 590 experiments are needed to confirm that. 591 These results suggest that P. indica could be useful in control of Fusarium crown rot and head 592 blight, mycotoxin contamination and other air borne diseases. However, P. indica is probably 593 an alien species in many parts of the world including the UK, so its releases into the open 594 environments in these regions, to confirm its beneficial effects, requires consideration also of 595 physiological trade-offs and ecological and agronomical side-effects. The wider effects of P.
indica and similar organisms also need to be better understood before agricultural deployment.
597
A search for native organisms with similar characteristics might be a safer direction to go in. 
